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1 Introduction

The continuous development of our technology always needs novel materials with
the desired properties. With the gate all around field effect transistors, the conven-
tional semiconducting industry in a few years is reaching its limit by reaching the
0.5nm node[l]. To go beyond it, a fundamental change is necessary to be able to
engineer the material on the level of atomic precision in the next generation of micro-
electronic devices[2]. An alternative approach became available with the discovery of
two-dimensional (2D) materials[3] after the first isolation of graphene[4]. Among the
2D materials, besides graphene, which is a semimetal, there are insulators like hBN,
semiconductors like transition metal dichalcogenides (TMDs), topological insulators
and so on[5, 6].

What makes 2D crystals unique compared to conventional materials is that they
can be placed on top of each other layer by layer with atomic precision in the vertical
direction, realizing van der Waals (vdW) heterostructures[5, 7]. The properties of these
heterostructures are determined by the nature of the constituting materials and the
interlayer interactions[8, 9]. For example, hBN can be used as protective layers by
encapsulating the graphene within hBN layers to protect it from the environment and
improve the charge carrier mobility in it[10, 11]. In hBN/graphene heterostructures,
the lattice mismatch may lead to the formation of a moiré pattern, which depends on
the relative orientation of the crystals, the twist angle. A superlattice forms, where the
moiré pattern acts as a periodic potential[12].

The twisting is a unique degree of freedom of vdW heterostructures, unlike con-
ventional heterostructures. Twisting can fundamentally change the properties of a het-
erostructure, leading to new properties such as correlated phases and superconductivity
in twisted bilayer graphene[13, 14]. The field of twistronics, which focuses on the ef-
fect of twisting is dynamically growing by including newer and newer systems such as
twisted TMD heterostructures[15].

Besides twistronics, vdW materials are also exciting for the field of spintronics.
Spintronics focuses on using the spin degree of freedom of the charge carriers to re-
alize electronic devices, which are controlled with the manipulation of electron spins
instead of the charge[16]. The manipulation is usually done by a magnetic field or
with the help of spin-orbit coupling (SOC). Most spintronic devices are based on spin
valves, which are heterostructures made of magnetic layers with a nonmagnetic layer
between them. For instance, an insulator in a tunneling magnetoresistance device which
is a ferromagnet /insulator/ferromagnet heterostructure can be used as a memory el-
ement in hard drives. Moreover, a non-magnetic metal is used in spin-transfer torque
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the memory state[17]. These heterostructures can also be realized with 2D materials,
where the graphene usually serves as a transport channel due to its excellent properties
like negligible SOC and the near-absence of nuclear spins[18, 19]. Moreover, combining
graphene with TMDs induces SOC in graphene with proximity effects[20], and the spin
current in these heterostructures could be controlled with electrical gating|[21-24] and
with spin-to-charge conversion[25-28] bringing the 2D materials closer for industrial
applications.

In vdW heterostructures, as the interlayer interactions play a crucial role, their
properties could be altered by tuning the strength of these interactions[9]. Varying the
interlayer distance could significantly change the strength of interlayer interactions,
which could be done in practice by pressing the heterostructure[29]. Realizing novel
phases with pressure could lead to new applications and are very important in fun-
damental research. Therefore, this thesis aims to investigate the effect of pressure on
vdW heterostructures using electrical transport techniques.

Before this thesis, experimental research activity in the BME Nanoelectronics Lab
focussed on the transport properties of single-layer graphene (SLG), placed on Si/SiO,
substrate or suspended in vacuum[30-34]. After that, the effect of pressure is investi-
gated on SLG-based heterostructures and other materials[35, 36].

2 Objectives

The study of the effect of pressure on the transport properties of vdW heterostruc-
tures is a relatively new field[35, 37-39]. My main aim is to extend this field, by per-
forming hydrostatic pressure-dependent measurements on novel vdW heterostructures.

To observe new physics in graphene such as electron optics[40], Moiré physics[41],
fractional quantum Hall effect[42] or highly viscous electron fluids[43, 44] and also
for the industrial application of graphene, reliably high-quality sample fabrication is
essential. To achieve this, it is essential to know the main source of disorder and the
limiting factors of the mobility to be able to eliminate them during fabrication. By
encapsulating SLG in hBN crystals, high-mobility devices can be realized[10, 45, 46].
In these heterostructures, the main source of disorder at low temperatures is long-
ranged and at higher temperatures, the electron-phonon coupling starts to dominate
it. One of the objectives of this work was to study these heterostructures under pressure
to try to find out the origin of the disorder.

Graphene is an ideal material for spintronics due to its excellent properties,
such as low spin-orbit coupling (SOC), and hyperfine coupling[19, 47]. However,
to use graphene in spintronic devices, electrical control of the spin information is

necessary|[20, 48], for which large SOC is required. It was theoretically predicted that
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the SOC can be increased by bringing graphene in proximity to a transition metal
dichalcogenide (TMD), which has a strong intrinsic SOC[20]. This was later demon-
strated with experiments|[21-23, 27, 28, 49-62]. My objective was to check whether
the effect of pressure can further enhance the induced SOC, or how it influences the
system. My tasks involved experimental and theoretical works.

Among the twisted structures, the twisted double bilayer graphene (TDBG) is very
interesting, as it is tunable with electric field and it exhibits correlated insulator and
topologically non-trivial phases[63—71]. In twisted structures, the interlayer interactions
play a crucial role, which can be tuned with pressure. My objective was to verify this and

check the effect of pressure on the band structure both experimentally and theoretically.

3 New scientific results

The results of my thesis are summarized in the following thesis points:

1. I showed for the first time the extensive tunability of the moiré gaps of
twisted double bilayer graphene with pressure in agreement with the
theory. I performed temperature and bias voltage-dependent transport experi-
ments. From the thermal activation and bias voltage-dependent measurements, I
measured the moiré gaps of a TDBG near the magic angle and showed that the
moiré gaps in a TDBG can be decreased and fully closed by applying hydrostatic
pressure. Furthermore, I showed by measuring Brown-Zak oscillations that, the
twist angle doesn’t change with pressure. Finally, I also observed a decrease in

the correlation effects by increasing the pressure. [T'1]

2. I showed for the first time in WSe;/BLG heterostructures the en-
hancement of the proximity-induced Rashba-type and Ising-type SOC
with hydrostatic pressure in agreement with the theory. I made low-
temperature magnetic field-dependent experiments on WSey/BLG heterostruc-
tures. In the experiments, I used the Shubnikov-de Haas oscillations to obtain
the Rashba-type SOC strength, and I used the quantum Hall effect to obtain the
Ising-type SOC strength by measuring the positions of the Landau level crossings.
I showed that with pressure, in WSe, /BLG heterostructures, the positions of the
crossing points change and also I showed that the pressure increases the split-
ting of the Fermi surface, which is due to the lifted spin-degeneracy of the SOC.
From these, I found that the proximity-induced spin-orbit coupling strength in

WSe, /BLG heterostructures increased by more than 50% under pressure. [T2]
3. I showed the decrease and closing of the moiré gaps in twisted double
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bilayer graphene with pressure with simulations, which showed a good
agreement with the experiments [T1]. I simulated the change of the
Fermi surfaces of WSe,/BLG heterostructures by varying the Rashba-
type SOC and I calculated the change of the Landau level crossings
by varying the Ising-type SOC [T2]. Using my simulations, I obtained
the SOC strengths by fitting the experimental data with the models
[T2, T3]. I successfully applied the Bistritzer-MacDonald model on twisted
double bilayer graphene, where I used the pressure dependence of the interlayer
tunneling from the literature to calculate the band structure at different pres-
sures [T1]. I found that, by increasing the pressure, the moiré gaps decrease and
fully close, which is in good agreement with my experiments [T1]. In the case
of WSey/BLG heterostructures, I calculated band structure from a low-energy
model [T2]. From the band structure, I calculated the Fermi surfaces at different
Rashba-type coupling strengths. Then I fitted the experimentally obtained Fermi
surfaces with the model and obtained the Rashba-type SOC strength [T2]. From
the low-energy model of the heterostructure, I calculated numerically the Landau
level energies as a function of an applied external electric field. I calculated the
change of the positions of the Landau level crossing by varying the Ising-type
SOC strength. I fitted the model on the experimentally determined Landau level
positions and obtained the Ising-type SOC strength [T2]|. Furthermore, I also
modeled a WSey/BLG/WSe, heterostructure, where the Ising-type SOC is the
opposite of the two graphene layers [T3]. I found that, by increasing the electric
field, the SOC-induced gap closes and reopens, and the closing point could be
used to obtain the Ising-type SOC strength [T3].

. I showed that the mobility of charge carriers in high-mobility single-
layer graphene decreases with pressure due to the increased short-
range and long-range scattering and also the increased effect of re-
mote interfacial phonon coupling with hydrostatic pressure. From field
effect and Shubnikov-de Haas oscillations measurements, I showed that in high-
mobility devices, the long-range scattering is the main source of the resistance
and it remains dominant under pressure. From weak localization measurements,
I found that in high-mobility devices, the short-range scattering is mainly caused
by the edges of the sample which is insensitive to the pressure. I showed with
in-plane magnetic field-dependent weak localization measurements, that the vol-
ume of the corrugations increased by increasing the pressure. From field effect
measurements, I showed the increase of short-range and long-range scattering

with pressure. From temperature-dependent magnetic focusing experiments, I
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found that the pressure has a negligible effect on the combined effect of the
electron-electron interactions and the acoustic phonon-electron coupling. From
temperature-dependent field-effect transport measurements, I showed that the

remote interfacial phonon-electron coupling increases with pressure. [T4]
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